Abstract. Endo-and exochitinase activities were determined in the stomach and midgut gland of the Antarctic krill, Euphausia superba. along a transect west of the Antarctic Peninsula. Activities were compared with the digestive enzymes protease, cellulase (1.4-p-D-glucanase) and laminarinase (1,3-fl-D-glucanase). The chlorophyll and protein contents in the surface water of the corresponding stations were determined. Enzyme activities were characterized by high individual and spatial variations. Chitinolytic activity in the stomach correlated well with all digestive enzymes investigated. In the midgut gland, a correlation with cellulase and laminannase was evident. The amount of chlorophyll a and phytoplankton protein in the surface water was not correlated with enzyme activity. Specific enzyme activity was higher in the stomach than in the midgut gland, showing individual ratios for each enzyme. Elevated endochitinase activity in the stomach suggests that chitinous food is digested to oligomers in the stomach, while the subsequent degradation to amino sugars occurs predominantly in the midgut gland.
Introduction
Krill, Euphausia superba, is a key organism in the Antarctic ecosystem. The annual production of krill was estimated by Everson (1977) at 500 million tons. While feeding on phytoplankton, the primary producers, krill act as a food source for top predators. Unlike copepod-dominated food chains, this short krill-dominated food chain is characterized by a strong concentration of biomass at each of the trophic levels (Hempel, 1985) . In addition to its significance in Antarctic food chains, krill has an important function in the nutrient flux from the euphotic zone to deeper water layers and the benthos, respectively (Clarke et al., 1988) .
Krill are very effective organisms in the Antarctic environment. Accordingly, the physiological characteristics are high growth rates when sufficient food is available, short intermoult periods (Buchholz, 1991) and a generally high energy demand (Kils, 1982) . Correspondingly, krill must be able to utilize food efficiently. This also becomes obvious in anatomical and morphological adaptations, e.g. the filtering efficiency of the highly specialized filter basket (Hamner et al., 1983; Kils, 1983) . However, effective food utilization also demands physiological adaptations. In this respect, efficient digestive enzymes are required to make nutrients available for gastrointestinal resorption, since digestive enzymes represent the functional link between food uptake and food utilization (Mayzaud et al., 1985) .
Corresponding to the preferred food, enzymes are present in the digestive tract of krill that cleave algae-specific substances like the 1,3-fi-D-glucan laminarin and the l,4-f$-D-glucan cellulose (Mayzaud et al., 1985; McConville et al., 1986) . In addition, chitinolytic enzymes with high activities are present in the stomach and the midgut gland. Their significance as digestive enzymes was discussed by Buchholz (1989) . However, our knowledge about the physiology of digestion in Antarctic krill is still limited, particularly concerning the biochemical characteristics of digestive enzymes and mechanisms of enzyme synthesis. A further point of interest for understanding the complex situation in the digestive tract of Antarctic krill is the physiological interaction between the two principal sites of digestion: the stomach and the midgut gland (hepatopancreas).
Since most studies on the physiology of digestion in crustaceans have been carried out on total extracts or in only one digestive organ, we paid special attention to the determination of digestive enzyme activities in the stomach and the midgut gland, separately. In order to establish whether chitinolytic enzymes are relevant to digestive processes, we measured the activities of endochitinase (poly-3-1,4-(2-acetamido-2-deoxy)-D-glucosid-glucanohydrolase) and exochitinase (N-acetyl-(3-D-glucosaminidase, NAGase). The activity patterns were compared with those of protease, cellulase and laminarinase by correlation analysis. Furthermore, the amount of chlorophyll (chl) a as well as the protein content of plankton at the sampling sites were related to the enzyme activities in the krill's digestive organs.
Method

Krill and phytoplankton samples
Antarctic krill, E.superba, were caught with a Rectangular Midwater Trawl, RMT 1+8 (Roe and Shale, 1979) during the cruise Met 11/4 (21 December 1989-18 January 1990) of the research vessel FS 'Meteor' west of the Antarctic Peninsula (Figure 1) . Sampling was carried out in three depth horizons (Siegel, 1992) . Samples for our investigations were obtained from the upper horizon (60 m to surface). Immediately after the catch, krill were frozen and stored at -75°C until analysis.
Phytoplankton were obtained from the same stations as the krill catches ( Figure  1 ). Surface water (140-750 1) was filtered through 3 u,m membrane filters (Sartorius, 11302-293-G) with a pressure filtration system (Sartorius, SM 16277). The filters were frozen and stored at -75°C until analysis.
Morphometric data and colour index of the digestive organs
The lengths and fresh weights of thawed animals were measured, and the sex was determined according to Makarov and Denys (1980) . Animals with no distinct sexual differentiation were classified as juveniles.
The fullness of the stomach, the midgut gland and the gut was determined visually using a colour index according to Morris et al. (1983) .
Dissection and homogenization
The stomach and hepatopancreas were dissected from frozen animals. Homogenization of the organs was carried out in a total volume of 1 ml 0.2 M citrate/phosphate buffer (CPB) (pH 5.5) on ice with an ultrasonicator (Branson, break of 20 s. The homogenates were centrifuged at 15 000 g and the supernatant was used for biochemical analysis.
Biochemical investigations
The amount of soluble protein in krill digestive organs was determined after Bradford (1976) with the BioRad dye reagent (Cat. 500-0006). Samples were run in duplicate with parallel bovine serum albumin (BSA) standards.
Protein of phytoplankton samples was determined on homogenates of plankton collected on membrane filters. Pieces of these filters (7.5 cm 2 in area) were transferred into reaction tubes and 3 ml of distilled water were added. Homogenization was carried out by ultrasonication (Branson, Sonifier B12) for 3 x 15 s, interrupted by a break of 20 s on ice. After continuous shaking (Vortex), 1 ml of the solution was transferred into 1.5 ml reaction tubes (Eppendorf 3810) and centrifuged for 5 min at 15 000 g. The amount of protein in the supernatant was also determined according to Bradford (1976) : 200 p.1 of dye reagent (BioRad) were added to 800 ^1 of sample. BSA standards were run in parallel. Three different pieces of each filter were analysed. Each analysis was performed in duplicate.
Chlorophyll a samples were determined according to Jeffrey and Humphrey (1975) . Five millilitres of acetone were added to each piece of filter (20 cm 2 ) in a reaction tube. Chlorophyll a was dissolved by continuous shaking. After centrifuging (15 min at 5200 g), the supernatant was measured photometrically. Blanks were run in parallel with clean filters.
The activity of the endochitinase was determined with CM-Chitin-RBV (No. 04106, Loewe Biochemica, Otterfing, FRG) as substrate (Wolf and Wirth, 1990) and that of the exochitinase N AGase with p-nitrophenyl-N AG (Sigma, N 9376) as described by Saborowski et al. (1993) . All measurements were run in duplicate with a parallel blank.
The activity of total protease was determined as described by Donachie et al. (1995) using Azocasein-Na-salt as substrate (Serva 14391).
The cellulase (l,4-(3-D-glucanase) activity was determined with the dye-labelled substrate CM-Cellulose-RBB (No. 04100, Loewe Biochemica, Otterfing, FRG). The assay was adapted to 1.5 ml Eppendorf reaction tubes. One hundred microlitres of substrate (4 mg/ml) were added to 250 u,l of 0.2 M CPB (pH 6.0) and 50 u,l of sample to start the reaction. After 30 min incubation at 35°C, the reaction was stopped by adding 100 u.1 of 1 M HC1. After centrifuging at 15 000 g for 5 min, the absorption of the supernatant was read at 600 nm against air.
The determination of laminarinase (1,3-P-D-glucanase) activity was carried out as described for cellulase, except that the substrate was CM-Curdlan-RBB (No. 04107, Loewe Biochemica, Otterfing, FRG) and the reaction was terminated with 2 N HC1.
Statistics
Correlation analyses were performed on the data of enzyme activity within the stomach and the midgut gland, as well as amounts of chl a and protein in the water, and enzyme activities in the digestive organs. The strength of the association was expressed by the Pearson correlation coefficients and the Bonferroni-adjusted probabilities. The statistical analysis was carried out with the computer program 'Systat' (Wilkinson, 1989) . The significance level was set at P = 0.01.
Results
Phytoplankton samples
The average concentration of chl a at all stations was 0.61 mg m 3 . Elevated amounts occurred at stations 28-34 (except at station 29). Low values were observed at stations 42-86 (Figure 2 ). Stations 28-34 were located in the Bransfield Strait, while the other stations were located in the Drake Passage (see Figure 1) .
The protein values were more variable than the chl a values. However, the distribution pattern was similar, except at station 28. The concentrations ranged from 1.2 mg irr 3 at station 63 to 6.9 mg nr 3 at station 34. The protein values correlated well with chl a concentrations (r = 0.897).
Morphometric data ofkrill and colour index of the organs
The average length of sampled animals was 42.0 ± 4.5 mm and the average weight was561.7 ± 216.5 mg. The largest animals were found at station 51 (51.2 ± 2.9 mm, 1039.0 ± 140.1 mg), while the smallest individuals were caught at station 32 (35.2 ± 1.5 mm, 270.9 ± 31.0 mg). The sex distribution was 40% female and 60% male. No juveniles were encountered. Animals at stations 28-^42 had nearly similar colour indices of their stomachs, while greater differences occurred in the colour indices of the midgut and the gut (Figure 3 ). Animals at station 34 had the highest indices for stomach and hepatopancreas, while the lowest indices in all organs were found at station 51. Stations 51-86 were characterized by lower indices and greater variability.
Enzyme activity of krill field samples
Enzyme activities in the krill stomach and midgut gland showed high variability between regions and between individuals. In general, the highest activities of the stomach enzymes investigated were found at station 32 and station 63 (Figures 4  and 5) . Furthermore, all enzyme activities increased from station 28 to station 32, indicating a similar relationship of activities of the different enzymes within each station. However, this relationship could not be observed at all stations. In the midgut gland, the enzyme activities showed a similar level of variability as in the stomach. However, the activity pattern was not similar to that of the stomach. The apparently divergent values of chitinase and NAGase over all stations are remarkable.
Correlation analysis
Enzyme activities in digestive organs. In the stomach, significant correlations were found between all enzymes investigated (Table I) , although, in some cases, the correlation coefficients were weak. In the midgut gland, there was a good correlation between chitinase and cellulase, as well as between chitinase and laminarinase, and also between cellulase and laminarinase. No correlation was found between NAGase and other digestive enzymes.
Enzyme activities of the stomach versus activities of the midgut gland. There were only two significant correlations between enzyme activities in the stomach and the midgut gland. Stomach laminarinase was significantly correlated with midgut gland protease (r = 0.508) and laminarinase (r = 0.636).
Plankton protein, chl a and colour index of the organs versus enzyme activities of digestive organs. In addition to chl a and protein in the surface water, the colour index of the digestive organs was included in the correlation analysis. This index represents the amount of phytoplankton already ingested by the animals. No significant correlations existed between the stomach enzyme activities and either the amount of chl a or the protein content. Only the colour index of the stomach was weakly, but significantly correlated with the laminarinase activity (r = 0.471). In the midgut gland, the colour index was inversely correlated with the protein content of the organ (r = -0.487). Furthermore, there was a significant negative correlation between the chl a content and NAGase activity (r = -0.477).
Chl a and plankton protein versus colour indices.
There was a weak correlation between the colour indices of the stomach and the midgut gland and the chl a and plankton protein (Table II) , but the colour index for the gut was not correlated with these parameters of the plankton.
Ratio of enzyme activities in the stomach and the midgut gland
The ratios of enzyme activities in these organs were calculated as the quotient of enzyme activity in the stomach versus the enzyme activity in the midgut gland. The highest ratio occurred for protease (9.84 ± 1.45) which indicated that the protease activity in the stomach is nearly 10 times higher than that in the midgut gland (Figure 6 ). High ratios also occurred for cellulase and laminarinase. The chitinase and NAGase had the lowest ratios. The activity of NAGase was only slightly higher in stomach than in the midgut gland. The amount of protein was higher in the midgut gland than in the stomach (ratio 0.86 ± 0.07).
Discussion
Chitinolytic enzymes are widely distributed in nature (Jeuniaux, 1966) . In arthropods, they are known as moulting enzymes and they also act as digestive enzymes, for example in fish which feed on crustaceans (Danulat, 1986 (Danulat, ,1987 Rehbein etal., 1986; Lindsay, 1987) . Buchholz (1989) described the chitinolytic activity in the stomach and midgut gland of the Antarctic krill E.superba and the Northern krill Meganyctiphanes norvegica, and discussed their significance as digestive enzymes. In the present study, we investigated the occurrence of chitinases in the stomach and in the midgut gland of field samples of E.superba and compared the activities with the digestive enzymes protease, cellulase and laminarinase.
Since Antarctic krill are predominantly herbivorous, phytoplankton field samples were used to estimate the food available to the krill. The amounts of chl a and protein were used as a measure of the phytoplankton concentration. For technical reasons, sampling could only be performed in the surface water.
The chl a concentrations (average 0.6 mg nr 3 ) were similar to those reported by other authors: Smith and Nelson (1985) found chl a values of 0.25-1.6 mg nr 3 in the surface waters of the Ross Sea. Deeper water layers (0-25 m) had only slightly higher amounts of chl a. High concentrations occurred in areas of phytoplankton blooms (up to 8 mg nr 3 ). El-Sayed and Turner (1977) reported a mean chl a concentration of 0.26 mg nr 3 in the surface waters of the Pacific sector of the Antarctic Ocean. El-Sayed and Taguchi (1981) found 1.65 mgchl a nr 3 in the southern Weddell Sea. References to phytoplankton protein concentrations in Antarctic waters are given by Mayzaud et al. (1985) . The reported amounts are about one order of magnitude higher than those found in our study. This discrepancy can be explained by the differences between the extraction procedures. With our method, we determined the water-soluble protein, which is certainly lower than the NaOH heat extraction performed by Mayzaud et al. (1985) . However, the protein data of our investigations correlated well with the amount of chl a(r = 0.897), indicating that the protein was of phytoplankton origin and thus was available as a food source for krill. In general, chl a and protein values were higher at the stations located in the Bransfield Strait than at those located in the Drake Passage. This could be due to the hydrographic conditions prevailing during the cruise (Stein, 1992) .
The activities of the enzymes investigated showed different patterns in the stomach and the midgut gland. In the stomach, significant correlations between chitinase and protease, as well as between protease and cellulase, occurred, but there was no correlation between cellulase and laminarinase or between chitinase and laminarinase. Similar differences in correlation analysis of digestive enzymes in E.superba were reported by Mayzaud et al. (1985) for the enzymes amylase, laminarinase, cellulase, 3-galactosidase and trypsin. The results of our field investigations indicate a selective availability of digestive enzyme activity. If enzymes were always present in similar proportion to one another, significant relationships should exist. Statistical relationships between the nutrients carbohydrate and protein, chlorophyll and the digestive enzymes amylase, maltase, cellubiase, lactase, trehalase as well as acid and alkaline phosphatase were reported by Mayzaud and Conover (1975) . The investigations were performed on zooplankton total samples, dominated by the copepods Calanus minutus, Acartia clausi and Temora longicornis. Corresponding investigations by Mayzaud et al. (1985) on E.superba did not give similar results, and our results also did not show correlations between chl a or protein values and enzyme activities. The chemical components of phytoplankton at only one depth are probably not fully representative of the resources available to the krill. Mayzaud et al. (1985) investigated the phytoplankton at 15 m depth and we did so in the surface water. Furthermore, misinterpretations are likely because of the high mobility and filtering efficiency of krill: in contrast to relatively small copepods, E.superba is characterized by a much higher mobility and filtering efficiency. Phytoplankton can thus be depleted rapidly and effectively by krill swarms. Consequently, determining the potential food in the water may lead to underestimations at high grazChiuruso NAGasc ing activity of krill. This could explain the lack of correlation between amounts of food and digestive enzyme activity reported above. Krill are also fast swimmers and can leave grazed areas rapidly. Therefore, we cannot be sure that krill caught in a certain area were also feeding there. A more appropriate estimate of the amount of food ingested by E.superba may be the colour index of the digestive organs. However, the correlation analysis of the colour index with the digestive enzyme activity showed a significant relationship only in the case of laminarinase, while no significant correlation was found between the colour index and the other enzymes investigated. Based on these results, it can be suggested that laminarin (or generally 1,3-fi-D-glucan) was the main component of the phytoplankton ingested by the krill and that the corresponding enzyme activity was induced as postulated by Mayzaud and Mayzaud (1981) . The activities of all the enzymes investigated were higher in the stomach than in the midgut gland, especially for protease which showed activities nearly 10 times higher in the stomach. This effect could be explained by a higher concentration of enzymes in this organ. Enzymes are synthesized in the midgut gland and released into the stomach, where they occur in a relatively high quantity compared to the midgut gland. Furthermore, expressing enzyme activity per unit fresh weight leads inevitably to a high result for the stomach, since the stomach contains only the material to be digested and the digestive enzymes, and has a relatively low weight. In contrast, the midgut gland is a more complex organ with a high amount of connective tissue that contributes to the weight and this leads to relatively lower activities than in the stomach.
However, the relationships between the activities of the enzymes investigated in the stomach and the midgut gland should be similar for all enzymes. Since this is not the case, it can be suggested that digestive enzymes are selectively induced or activated in the stomach of E.superba. A stimulation of digestive enzymes was reported by De-La-Ruelle et al. (1992) . These authors determined an increase in aminopeptidase activity in the hepatopancreas of the freshwater crayfish Procambarus clarkii following the addition of millimolar quantities of different substances, among them cysteine. Similar mechanisms could operate with the proteolytic enzymes of E.superba and explain the high activities in the stomach compared to the midgut gland.
In the case of the chitinolytic enzymes, the activity of endochitinase is distinctly higher in the stomach than in the midgut gland (stomach:midgut ratio 3:8). In contrast, the activity of exochitinase (NAGase) was nearly equal in both organs (ratio 1:2). These results can be explained by the different biochemical functions of both enzymes. While the endochitinase cleaves chitin to oligomers, NAGase hydrolyses the oligomers to amino sugars. Consequently, the chitinase reaction in the stomach constitutes the first step in chitin digestion. The further degradation to amino sugars takes place in the midgut gland. Similar, but technically more difficult investigations for endo-and exoenzymes of cellulase and laminarinase would provide more information on this point.
The possible contribution of bacteria to digestive enzyme activity cannot be neglected (Especje et al., 1987; Rakusa-Suszczewski and Zdanowski, 1989) particularly for proteases, as shown by Donachie et al. (1995) in the Northern krill, M.norvegica. However, we concluded that the digestive enzymes of E.superba are mainly endogenous. It seems unlikely that a population of bacteria big enough to make a significant contribution to enzymes can continuously survive in krill stomachs. Because food is continuously ingested (Antezana el al., 1982) and there is a high turnover rate of food in the stomach, bacteria would be egested through the gut. Furthermore, krill moult frequently every 2-3 weeks during the summer (Buchholz, 1991) and the chitinous cuticule of the stomach is replaced. Therefore, the stomach contents would also be replaced. After each moult, it would take some time for a new bacterial population to become established. If such a population contributed significantly to digestive enzyme activity, a decrease in enzyme activity should be evident after each moult. However, this was not observed in laboratory studies (Buchholz, 1989) .
Since Antarctic phytoplankton can be dominated by diatoms that are characterized by the presence of chitinous spines (Johansen and Fryxell, 1985) , the ability to digest chitin is obviously significant. In conclusion, our study has confirmed that chitinolytic enzymes in the stomach and midgut gland of field samples of E.superba are digestive enzymes due to their similar properties compared to other digestive enzymes. In order to satisfy their energy demand, krill are able to utilize a wide range of nutrients.
